Introduction
The isomerization of linear alkanes over solid acid catalysts has received great attention as an environmentally safety way to improve the octane number of gasoline in recent year [1] [2] [3] [4] [5] . Zeolite and chlorided alumina-based catalysts have been studied extensively in the linear alkane isomerization for industrial purposes; however, they have some disadvantages such as relatively low activity and tolerance to the impurities which lead to decrease the yield of isomer products [6] . Recently, the use of transition metal-loaded catalysts has drawn much attention due to their ability to isomerize C 4 -C 7 linear alkane effectively. In addition, the presence of noble metals such as Pt or Pd in zeolitic materials, chlorided alumina, and zirconia-based catalysts is widely reported to improve the stability and activity of the catalysts [7] [8] [9] [10] [11] [12] [13] [14] [15] . The Pt has a role in the formation of active protonic acid sites and/or assisting in the removal of coke deposits through hydrogenation processes. Iglesia and co-workers reported the roles of Pt and hydrogen on WO 3 -ZrO 2 catalyst in the n-heptane isomerization in which they concluded that Pt/WO 3 -ZrO 2 showed a higher activity than that of Pt/SO 2À 4 -ZrO 2 due to the availability of hydrogen on the surface of WO 3 -ZrO 2 to suppress cracking process [16, 17] .
Recently, a special interest was devoted to molybdenum oxide promoted zirconia (MoO 3 -ZrO 2 ) in the catalysis. Afanasiev studied the preparation of MoO 3 /ZrO 2 in which the metastable monolayer coverage of zirconia surface can be obtained by solid-solid wetting preparation method with the Mo/Zr ratio of 0.13-0.15 [18] . While, Calafat et al. reported the effect of Mo/Zr ratio and digestion time in the physical properties of MoO 3 /ZrO 2 [19] . The surface area of MoO 3 /ZrO 2 was increased with the increasing Mo/Zr ratio and decreased with the increasing the digestion time. In addition, they also have suggested that the addition of (NH 4 ) 6 Mo 7 O 24 after formation of the Zr(OH) 4 gel results in an increase in surface area than those obtained by co-precipitation. Xie et al. studied the crystalline structure in MoO x /ZrO 2 evidenced by X-ray absorption and Raman spectroscopy in which the isolated tetrahedral MoO x species was observed at low surface density (<5 Mo/nm 2 ) of sample treated at 873 K and below [20] . For MoO x /ZrO 2 samples with higher surface density (>5 Mo/nm 2 ), treatment in air at 723 K led to the predominant formation of MoO 3 , while higher treatment temperatures led to a solid-state reaction between MoO 3 and ZrO 2 to form Zr(MoO 4 ) 2 . Meanwhile, the effect of Mo loading on ZrO 2 in respect to the catalytic activities was reported by Chary et al. [21] and Kenney et al. [22] . Chary et al. demonstrated the catalytic ammoxidation of toluene to benzonitrile over MoO 3 -ZrO 2 increased with loading up to 6.6 wt.% MoO 3 . They have also claimed that the theoretical monolayer loading of MoO 3 on the ZrO 2 was obtained at 6.6 wt.% MoO 3 loading in which this monolayer MoO 3 on ZrO 2 resulted to the strongest acidity and highest reducibility of the MoO 3 /ZrO 2 catalyst, whereas Kenney et al. reported the influence of Mo loading on ZrO 2 in the methylcyclopentane conversion. They have concluded that the most active catalyst for methylcyclopentane conversion corresponds to a molybdenum loading of 3.2 at.% Mo, which has the highest acidity per surface area of the ZrO 2 -MoO 3 catalysts studied. In addition, the surface area of ZrO 2 -MoO 3 reached a maximum value of 124 m 2 /g at a loading of 15.8 at.% Mo, while the isothermal CO 2 adsorption and ammonia TPD results indicated the strength of basic sites and specific NH 3 desorption decreased with increasing molybdenum content.
We have previously reported the acidic properties of MoO 3 -ZrO 2 , in relation to the active sites which participate in the formation of active protonic acid sites from molecular hydrogen that favor in nheptane isomerization [23, 24] . Although it has also been reported widely that the introduction of Pt site is able to improve the activity and stability of zeolites, alumina, WO 3 -ZrO 2 , and SO 2À 4 -ZrO 2 , there is almost no report related to the study of Pt loaded on MoO 3 -ZrO 2 for hydroisomerization of alkanes in the literature. In this study, we explored the effects of Pt in the properties and activity of MoO 3 -ZrO 2 . The MoO 3 -ZrO 2 with and without Pt were examined in the hydroisomerization of n-pentane, n-hexane, and n-heptane, whereas the interaction of molecular hydrogen and surface catalyst was observed by quantitative hydrogen adsorption measurement, IR and ESR spectroscopy. We found that the presence of Pt did not enhance the activity of MoO 3 -ZrO 2 in the hydroisomerization of n-alkanes, although the Pt enhanced the hydrogen uptake capacity of MoO 3 -ZrO 2 . IR and ESR studies revealed that the presence of Pt did not promote the formation of protonic acid sites from molecular hydrogen. In contrast, the presence of Pt intensified the Lewis acid sites in which this may correspond to presence of MoO 2 or Mo 2 O 5 species on the surface of ZrO 2 .
Experimental

Catalyst preparation
Zirconium hydroxide (Zr(OH) 4 ) was prepared from aqueous solution of ZrOCl 2 Á8H 2 O (Wako Pure Chemical) by hydrolysis with 2.5% NH 4 OH (Merck) aqueous solution [25] . The final pH of solution was 9.0. The product was decanted and filtered, followed by drying at 383 K overnight to form zirconium hydroxide. The MoO 3 
Characterization of catalyst
The crystalline structure of catalysts was determined with Xray diffraction (XRD) recorded on a Bruker AXS D8 Automatic Powder Diffractometer using Cu Ka radiation with k = 1.5418 Å at 40 kV and 40 mA over a range of 2h = 20-80°. The fraction of the tetragonal phase of zirconia in the sample was determined based on the formula proposed by Toraya et al. [26] . The XRD measurement of H 2 -reduced sample was determined as follows: Sample was reduced with H 2 at 673 K for 3, 6, and 12 h. After cooling to room temperature under H 2 atmosphere, the reduced sample was transferred to a glove box without exposure to air then dispersed in a solution of heptane to avoid any bulk oxidation.
The nitrogen adsorption-desorption isotherms was determined with a Quantachrome Autosorb-1 at 77 K. Prior to measurement, the samples were outgassed at 573 K for 3 h. The specific surface areas of the samples were determined from the linear portion of the BET plots. Pore size distribution was calculated from the desorption branch of N 2 adsorption-desorption isotherm using the conventional Barret-Joyner-Halenda (BJH) method, while the metal content on the catalyst was measured with Agilent 4100 Microwave Plasma -Atomic Emission Spectrometer.
In the measurement of IR spectra, a self-supported wafer was placed in an in situ stainless steel IR cell with CaF 2 windows and outgassed at 623 K for 3 h. For pyridine adsorption measurement, 2 Torr of pyridine was adsorbed on activated samples at 423 K for 30 min followed by outgassing at 573 K for 30 min [11] . In the H 2 -exposure experiments, the sample was exposed to 6.7 kPa of hydrogen at room temperature to 473 K in 50 K increments. All spectra were recorded on an Agilent Cary 640 FTIR Spectrometer at room temperature. The intensity of acidic sites was determined by Gaussian curve fitting method.
The ESR measurement was carried out in a JEOL JES-FA100 ESR spectrometer, to observe the formation of unpaired electrons in vacuo heating and to observe the interaction of the unpaired electrons with electrons formed from molecular hydrogen at room temperature to 473 K [27] . The catalyst was outgassed at 623 K for 3 h followed by the introduction of 6.7 kPa of hydrogen gas at room temperature. Then, the catalyst was held at room temperature and heated at 323, 373, 423, and 473 K in the presence of hydrogen gas. All signals were recorded at room temperature.
The hydrogen uptake capacity of catalysts was measured using the automatic gas adsorption apparatus Belsorp-28SA. A catalyst sample was placed in an adsorption vessel and activated in a hydrogen flow at 623 K for 3 h followed by evacuation at 623 K for 3 h. The sample was subsequently cooled to an adsorption temperature and held for 3 h in order to stabilize the temperature [28] . The adsorption temperature was verified from 323 to 573 K. 6.7 kPa of hydrogen gas was then introduced into the adsorption system, and the pressure change was monitored to calculate the hydrogen uptake.
Hydroisomerization of n-alkane
The hydroisomerization of n-pentane, n-hexane, and n-heptane was performed under hydrogen atmosphere in a microcatalytic pulse reactor at temperature range of 423-623 K. Prior to the reaction, the catalyst was activated in an oxygen stream (F Oxygen = 100 -mL/min) at 623 K for 1 h, followed by heated in a hydrogen stream (F Hydrogen = 100 mL/min) at 623 K for 3 h, and then cooled to a reaction temperature in a hydrogen stream. A dose of n-alkane (n-pentane = 43 lmol, n-hexane = 38 lmol, n-heptane = 34 lmol) was passed over the 0.4 g of activated catalyst in a hydrogen stream (F Hydrogen = 100 mL/min), and the products were trapped at 77 K before being flash-evaporated into an online 6090 N Agilent gas chromatograph equipped with a VZ-7 packed column and an FID detector. Since all catalysts reached steady-state condition within seven pulses (280 min), results at seven pulses were used.
The specific rate of reactant conversion (r) from the differential conversion data was determined by the following equation: 
3. Results and discussion [23, 29] . No intensity corresponds to the reflections of Pt (1 1 1), which should appear at 2h = 40°, was observed in the XRD pattern of Pt/MoO 3 -ZrO 2 . This suggested that the quantity of Pt loading was small and therefore finely dispersed on the surface or below the XRD detection limit. The introduction of Pt changed slightly the crystallinity of ZrO 2 . The fraction of tetragonal phase of ZrO 2 decreased from 0.51 to 0.44 which may be due to the collapsing of crystalline phase during calcination. The decrease in the crystallinity may not be due to the altering of Mo loading. In fact, MP-AES results indicated that the Mo loading was 5 and 4.7 wt.% for MoO 3 -ZrO 2 with and without Pt. In addition, the specific surface area altered slightly from 56 to 54 m 2 /g. Fig. 1B shows the XRD patterns of Pt/MoO 3 -ZrO 2 reduced with H 2 at 673 K for 3, 6, and 12 h. There were no significant changes on the H 2 -reduced Pt/MoO 3 -ZrO 2 . This may be due to the amount of Mo loading was very small compared to the ZrO 2 support.
The N 2 adsorption-desorption isotherms and pore size distribution for MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 are plotted in Fig. 2A and B, respectively. The introduction of Pt did not much alter the N 2 physisorption results. The N 2 adsorption-desorption isotherms can be classified as a type IV isotherm for both catalysts, with the pore filling restricted to a range of P/P o = 0.55-0.8, typical of mesoporous materials. According to IUPAC classification, the hysteresis loop is type H2 indicating a complex mesoporous structure. This type of hysteresis is characteristic of solids consisting of particles crossed by nearly cylindrical channel. The pore size distribution of samples was derived from the desorption branch of the N 2 adsorptiondesorption isotherm, shown in Fig. 2B . Both samples exhibited narrow pore size distribution and sharp pore distribution peak with pore diameter of 5 nm. The peak at 5 nm decreased slightly after the introduction of Pt on MoO 3 -ZrO 2 , indicating some Pt particles plugged into the pore of MoO 3 -ZrO 2 which led to decrease the specific surface area of ZrO 2 .
Intrinsic acidity
The type of acid sites for MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 was qualitatively probed by pyridine adsorption using IR spectroscopy [30] . Fig. 3A shows the IR spectra of pyridine adsorbed on MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 activated at different temperatures. The catalysts were activated at 573, 623, and 673 K for 3 h, the spectra were recorded after the adsorption of pyridine on samples reach equilibrium at 423 K, and the physisorbed state was subsequently removed by heating at 573 K under vacuum. Thus, the resulting absorbance bands indicated only strong adsorptions between the pyridine molecules and acidic sites. Typical Brønsted acid sites were observed in the samples, suggesting that pyridine was adsorbed in the form of a pyridinium ion at the IR frequency of 1540 cm
À1
, whereas strong Lewis electron pair acceptors were observed at 1450 cm À1 in the samples. The absorbance band at 1490 cm À1 corresponds to the mixture of Brønsted and Lewis acid sites. For MoO 3 -ZrO 2 sample, as the activation temperature increased, the absorbance band at 1540 cm À1 decreased and the other absorbance band at 1450 cm À1 increased markedly due to the dehydration and/or dehydroxylation which eliminated acidic OH groups, leaving Lewis acid sites. This is commonly observed for zeolites, mesoporous materials, and other mixed metal oxide such as silica-alumina and tungsten oxide-zirconium oxide. Meanwhile, different phenomenon was observed for Pt/MoO 3 -ZrO 2 . In general, the intensity of the absorbance bands attributed to both Brønsted and Lewis acid sites for Pt/MoO 3 -ZrO 2 is lower than that of MoO 3 -ZrO 2 . The difference is not due to the amount of Mo, as both catalysts have almost similar Mo loading. However, this may be due to the small altering of the crystallinity of ZrO 2 during the calcination in which the tetragonal phase of zirconia decreased with Pt-addition. Increase in the activation temperature of Pt/MoO 3 -ZrO 2 decreased moderately the Brønsted acid sites, whereas the band ascribed to the Lewis acid sites did not change much significantly. These results indicated that MoO 3 -ZrO 2 possessed several acidic OH groups with different strength in which the acidic OH groups were extensively eliminated at higher activation temperature leaving Lewis acid sites. Meanwhile, most of the acidic OH groups and Lewis acid sites were strong for Pt/MoO 3 -ZrO 2 . The weak to moderate strength of acidic OH groups was eliminated at relatively low activation temperature. Therefore, the change was not observed for both acidic sites on Pt/MoO 3 -ZrO 2 with increasing the activation temperature. Fig. 3B shows the variations of the IR spectra as a function of outgassing temperature after pyridine adsorption for the sample activated at 573 K. If the outgassing temperature is raised, pyridine molecules adsorbed on weak acid sites should be desorbed at lower temperatures, and those adsorbed on strong acid sites should be desorbed at higher temperatures. For MoO 3 -ZrO 2 , both Brønsted and Lewis acid sites decreased significantly with outgassing temperature indicating the wide distribution of both acidic sites on the MoO 3 -ZrO 2 sample [23] . It should be noted that the decrease was extensively observed for Lewis acid sites than that of Brønsted acid sites. This showed that most of the Brønsted acid sites on the MoO 3 -ZrO 2 were strong. In addition to the strong Lewis acid sites, there existed weak acid sites for which the pyridine was desorbed at 423 K and above, whereas small decreased was observed for both acidic sites on Pt/MoO 3 -ZrO 2 , indicating the sample possesses small distribution of both acidic sites.
The properties of acidic sites on MoO 3 -ZrO 2 types are essentially similar with WO 3 -ZrO 2 types [31] . For both catalysts, Brønsted and Lewis acid sites were strong in which the pyridine molecules remain on both acid sites after outgassing at 573 K. In addition to strong Lewis acid sites, there existed a number of weak Lewis acid sites from which pyridine molecules were desorbed by outgassing at elevated temperature. While the Lewis acid sites were predominantly for WO 3 -ZrO 2 types, the Brønsted acid sites were the most part for MoO 3 -ZrO 2 . The other difference between MoO 3 -ZrO 2 and WO 3 -ZrO 2 types was observed on the acidity of catalysts after the introduction of Pt. The presence of Pt did not change much the acidity for WO 3 -ZrO 2 types, while the concentration of acidic sites was significantly reduced by the presence of Pt for MoO 3 -ZrO 2 types. The intensity of Brønsted and Lewis acid sites for Pt/MoO 3 -ZrO 2 did not change much by activation, and outgassing of pyridine indicating all the weak acid sites were eliminated by the presence of Pt. The other difference between MoO 3 -ZrO 2 and WO 3 -ZrO 2 types was observed in the distribution of Brønsted acid site. In addition to the strong Brønsted acid sites, MoO 3 -ZrO 2 possesses significant number of weak Brønsted acid sites, whereas only strong Brønsted acid sites were observed on WO 3 -ZrO 2 types.
Hydrogen interaction
The interaction of molecular hydrogen and surface MoO 3 -ZrO 2 types was studied by hydrogen uptake measurement, pyridine pre-adsorbed IR and ESR spectroscopy in order to reveal the acidity induced by molecular hydrogen and the role of hydrogen in the activity of catalysts. Several research groups have reported the role of Pt metal and molecular hydrogen in the solid acid materials in which the presence of metal has affected positively in the acid-catalytic reaction under hydrogen stream. While the presence of Pt and molecular hydrogen has been reported to increase the stability and activity of catalysts due to the assisting of Pt to remove coke deposits on the surface catalyst by hydrogenation process [32] [33] [34] , our research group has suggested that the presence of Pt facilitates the formation of active protonic acid sites for maintaining the activity and stability through hydrogen spillover phenomenon [35, 36] . We have reported the formation of protonic acid sites through hydrogen spillover phenomenon evidenced by ESR and IR studies on the zeolitic-based and zirconia-based catalysts [31, 36, 37] . In addition, the presence of Pt enhanced the hydrogen uptake capacity of WO 3 -ZrO 2 [35, 38] , SO 2À 4 -ZrO 2 [39] and also MoO 3 [28] catalysts. Fig. 4 shows the isothermal hydrogen adsorption for MoO 3 -ZrO 2 type catalysts and effect of adsorption temperature in the hydrogen uptake capacity. The general features of hydrogen uptake for MoO 3 -ZrO 2 , SO the same in which the presence of Pt enhanced the hydrogen uptake markedly [38, 39] . For all adsorption temperatures, Pt loaded on SO 2À 4 -ZrO 2 and WO 3 -ZrO 2 performed fast adsorptions in the first few minutes followed by slower adsorption until equilibrium was reached. The decrease in the rate of hydrogen uptake with the time for both catalysts may be due to the decreasing of free Lewis acid sites for stabilizing of adsorbed hydrogen atoms by trapping of electrons. In the case of Pt/MoO 3 -ZrO 2 catalyst, the presence of Pt continued the hydrogen uptake with time, and the adsorption did not reach equilibrium even after 10 h at 373 K. Different behaviors were observed for Pt-free MoO 3 -ZrO 2 in which the hydrogen uptake increased to lesser extent with time and almost reached equilibrium within 3 h. For 10 h adsorption, the hydrogen uptake reached 8.13 Â 10 18 and 1.80 Â 10 18 H-atom/g cat for MoO 3 -ZrO 2 with and without Pt at 373 K, respectively. This difference clearly verified that the presence of Pt facilitates the adsorption of hydrogen on MoO 3 -ZrO 2 catalyst for all adsorption temperatures as illustrated in Fig. 4B . In particular, the effect of Pt was obviously observed at 373 K and below due to the ability of Pt to interact with molecular hydrogen at relatively low temperature, while MoO 3 -ZrO 2 began to interact with molecular hydrogen extensively at 423 K and above. This may indicate that Pt-free MoO 3 -ZrO 2 possess a higher energy barrier to be crossed over for hydrogen uptake than that of Pt/MoO 3 -ZrO 2 .
The interaction of hydrogen with the MoO 3 -ZrO 2 type catalysts then was observed by IR and ESR spectroscopy (Figs. 5-7) . We have previously reported the hydrogen spillover phenomenon over zirconia-and zeolite-based catalysts in which the molecular hydrogen dissociatively adsorbed on a specific site to form hydrogen atoms that undergo spillover onto the surface, followed by surface diffusion. Each spiltover hydrogen atom reaches a Lewis acid site and donates an electron to form an H + . The H + is stabilized on an O atom near the Lewis acid site. The Lewis acid site trapping an electron reacts with a second spiltover hydrogen to form an H À bound to a Lewis acid site [5, 11] . The formation of protonic acid sites was monitored by IR spectroscopy, while the formation of electron was monitored by ESR spectroscopy [24, 27] . Similar phenomenon was observed for MoO 3 -ZrO 2 in which the interaction of hydrogen with the surface catalyst formed protonic acid sites and electrons which led to change in the Mo oxidation state. Heating in the presence of hydrogen, the absorbance band of acidic OH group at 1545 cm À1 was intensified indicating the formation of OH groups (Fig 5A) , while the ESR signal at g = 1.93 corresponds to hexa-coordinated Mo 5+ species decreased due to the increase in the interaction of electrons and electron-deficient Mo 5+ cations (Fig. 7A inset) [24, 40] . The changes were clearly seen in the Figs. 6 and 7B. The fraction of protonic acid sites increased with increasing temperature and simultaneously decreased in the fraction of Lewis acid sites, while the ESR signal at g = 1.93 decreased continuously with increasing the heating temperature. These results strongly evidenced that the formation of proton and electron from hydrogen atom increased extensively with increasing the temperature. Similar to SO 2À 4 -ZrO 2 and WO 3 -ZrO 2 type catalysts, the interaction of hydrogen with surface MoO 3 -ZrO 2 is a reversible process in which the IR results indicated that the heating of the MoO 3 -ZrO 2 in the presence of hydrogen gas altered the intensity of both Lewis and protonic acid sites (Fig. 6) . while heating of the hydrogen adsorbed MoO 3 -ZrO 2 in vacuum restored both Lewis and protonic acid sites to their original intensities (figure not shown). Differently, heating of the hydrogen adsorbed Pt/MoO 3 -ZrO 2 in vacuum restored partially the intensity of both Lewis and protonic acid sites (figure not shown). The results also indicated that higher temperature is required to desorb the hydrogen uptake from the surface of Pt/MoO 3 -ZrO 2 .
In general, the presence of specific site likes Pt on solid acid catalyst is reported to increase the interaction of hydrogen and acidic surface which led to enhance the activity of catalyst in the acidcatalytic reaction. In this study, we are also reporting the hydrogen adsorption on MoO 3 -ZrO 2 in which the presence of Pt increased the rate of hydrogen adsorption and hydrogen uptake capacity of MoO 3 -ZrO 2 . However, the hydrogen adsorbed IR and ESR studies on MoO 3 -ZrO 2 , indicating that the presence of Pt did not promote the formation of electron and active protonic acid sites such as MoO 2Àx (OH) y phase or MoO 2 -OH species at 373 K and above. In general, heating of Pt/MoO 3 -ZrO 2 in the presence of hydrogen slightly decreased the Brønsted acid sites at 1545 cm À1 and increased gradually the Lewis acid sites at 1450 cm À1 (Fig. 5B) . The changes of both Lewis and Brønsted acid sites caused by heating in the presence of hydrogen can be clearly seen when the fraction of absorbance bands at 1450 and 1545 cm À1 is plotted against the heating temperature (Fig. 6 ). Heating at 323 K and below, the Brønsted acid sites increased slightly with simultaneous decrease in the Lewis acid sites, indicating the formation of protonic acid sites from hydrogen atom. The further heating of Pt/MoO 3 -ZrO 2 at 373 K, the Brønsted acid sites began to decrease and the decrease continued up to 473 K. In tandem, the intensity of Lewis acid sites increased at temperature range of 373-473 K. Similarly, the hydrogen adsorbed ESR spectroscopy showed that the signal at g = 1.93 decreased when the Pt/MoO 3 -ZrO 2 was heating at 323 K and below (Fig. 7) . This may be due to the interaction of electron with electron-deficient Mo 5+ cation. However, the heating at 373 K and above, ESR signal at g = 1.93 increased significantly indicating the increase in the number of electron-deficient Mo 5+ cation and/or oxygen radical in the catalyst. The electron formed from hydrogen atom which subsequently pairing with electrondeficient Mo 5+ cation and/or oxygen radical was not observed at 373 K and above. This result obviously indicated that Pt plays a different role on MoO 3 -ZrO 2 . The presence of Pt enhanced the interaction of hydrogen with the surface MoO 3 -ZrO 2 ; however, the interacted-hydrogen did not successively form protonic acid sites but intensified the Lewis acid sites at >323 K. Previously, Al-Kandari and co-workers have studied the interaction of hydrogen with MoO 3 /TiO 2 catalysts [41] [42] [43] [44] [45] [46] 3.4. Hydroisomerization of n-pentane, n-hexane and n-heptane Fig. 8 demonstrates the rate of conversion of MoO 3 -ZrO 2 and Pt/ MoO 3 -ZrO 2 in the C 5 -C 7 linear alkane hydroisomerization at different temperatures. The results indicated that both catalysts were not active for n-pentane hydroisomerization at 323-573 K, in spite of trace amount of C 1 -C 2 and C 3 -C 4 cracking products was observed at 573 K and above. Meanwhile, both catalysts were active in n-hexane and n-heptane hydroisomerization. This result may be due to the dehydroisomerization and hydrocracking of n-pentane are more difficult catalytic processes as compared to n-hexane and n-heptane [44] . Although the n-pentane hydroisomerization has been observed for MoO 3 /TiO 2 catalyst [41] [42] [43] [44] [45] [46] , the presence of metallic function in balance with the acid function for MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 seems to be not in an optimized condition for the reaction to occur. High activity in n-hexane and n-heptane hydroisomerization was observed on MoO 3 -ZrO 2 at 323-623 K and the yield increased continuously with reaction temperature. In contrast, Pt/MoO 3 -ZrO 2 was active only in the n-hexane hydroisomerization, though trace amount of several cracking products was observed in the hydroisomerization of n-heptane over Pt/ MoO 3 -ZrO 2 at 573 K and above. The detail results were listed in Table 1 . Fig. 9 shows yield of isomer products for C 5 -C 7 alkane hydroisomerization over MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 . The yield of isopentane was nil for all reaction temperature over MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 catalysts, whereas the yield of isohexane and isoheptane varied with reaction temperature for both catalysts. Overall, the yield of isoproducts was higher for MoO 3 active at low temperature. In fact, the yield for n-hexane and nheptane hydroisomerization over Pt/MoO 3 -ZrO 2 was observed only at >473 and >623 K, respectively. These results showed that the presence of Pt did not enhance the activity of MoO 3 -ZrO 2 in n-pentane, n-hexane, and n-heptane hydroisomerization. In contrast, the presence of Pt has suppressed the selectivity of isoproducts and conversion of reactants. For instant, at 523 K, the yield of isohexane and isoheptane decreased by about 7% and 4%, respectively, whereas the rate of conversion of n-hexane and n-heptane [41] . In fact, heating of Pt/MoO 3 -ZrO 2 in the presence of hydrogen intensified the Lewis acid sites at 1450 cm À1 in which the peak may correspond to the presence of Mo with different oxidation state on the surface of catalyst (Fig. 5) . These results also confirmed that the activity of Pt/MoO 3 -ZrO 2 could not be correlated directly to the hydrogen uptake capacity of the catalyst. The low activity of Pt/MoO 3 -ZrO 2 was also observed on the isomerization of alkanes in the absence of hydrogen in which this suggested that the activity of Pt/MoO 3 -ZrO 2 strongly depends on the active protonic acid sites originated from molecular hydrogen. Moreover, the low activity of Pt/MoO 3 -ZrO 2 was not due to the low Mo loading or low concentration of permanent Brønsted acid sites.
Several research groups have reported the enhancement in the catalytic activity for platinum loaded on MoO 3 -based catalysts. Al-Kandari and co-workers have studied the effects of Pt on the isomerization properties of MoO 3 /TiO 2 catalyst [44] [45] . They found that the addition Pt on MoO 3 /TiO 2 catalyst resulted in an increase in the catalytic activity of the system in favor of hydrocracking products at high reaction temperatures due to the enhancement in the metallic character of the system by metallic Pt(0), whereas Matsuda and co-workers have reported the effects of Pt on the catalytic activity of H 2 -reduced MoO 3 -based catalysts [47, 48] . They found that H 2 -reduced MoO 3 was almost inactive for heptane isomerization, while higher activity was obtained on H 2 -reduced Pt/MoO 3 . They suggested that the enhancement in the activity of H 2 -reduced Pt/MoO 3 corresponds to the conversion of hydrogen molybdenum bronze, H x MoO 3 , to acidic molybdenum oxyhydride, MoO x H y . The MoO x H y species plays an important role in the generation of acid sites and led to the enhancement in the catalytic activities for heptane isomerization. Fig. 10 shows the stability of MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 in the n-heptane hydroisomerization at 573 K. The reaction was done for more than 30 h with the intervals between each dose were kept constant at 40 min. The activity of the MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 reaches a steady-state condition within seven pulses (280 min) and decreased slightly after 12 pulses (480 min). However, the activity of the catalysts recovered after the activation in a hydrogen stream at 623 K for 3 h. It is noteworthy that the high activity of the MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 in the alkane hydroisomerization still has been observed after 30 h.
Conclusion
The introduction of Pt on MoO 3 -ZrO 2 did not change much the crystallinity and BET specific surface area of MoO 3 -ZrO 2 but altered significantly the concentration of acid sites of MoO 3 -ZrO 2 . Particularly, the presence of Pt partially eliminated strong permanent Brønsted and Lewis acid sites on MoO 3 -ZrO 2 . The alteration of the acidity is not due to the Mo loading, as both MoO 3 -ZrO 2 and Pt/ MoO 3 -ZrO 2 have almost similar Mo loading. This alteration may be due to the small decrease in the crystallinity of ZrO 2 during the treatment. Interaction of molecular hydrogen with MoO 3 -ZrO 2 showed the formation of protonic acid sites with simultaneous decrease in the Lewis acid sites through hydrogen spillover phenomenon in which the protonic acid sites act as active sites in n-hexane and n-heptane hydroisomerization. Contrarily, the presence of Pt on MoO 3 -ZrO 2 lowered the catalytic activity of MoO 3 -ZrO 2 . Quantitative hydrogen adsorption, ESR and IR spectroscopy revealed that the presence of Pt enhanced the hydrogen adsorption rate and capacity of MoO 3 -ZrO 2 ; however, the interacted-hydrogen did not successively form active protonic acid sites but intensified the Lewis acid sites. Therefore, the activity of Pt/MoO 3 -ZrO 2 in the linear alkane isomerization is lower than that of MoO 3 -ZrO 2 due to the inability of Pt to promote the formation of active protonic acid sites from molecular hydrogen on the surface of catalyst. In addition, the low activity of Pt/MoO 3 -ZrO 2 was not due to the low Mo loading, as the Mo loading is almost similar for MoO 3 -ZrO 2 with and without Pt. The low activity was also not due to the low concentration of permanent Brønsted acid sites in which the permanent Brønsted acid sites have no role in the isomerization.
